Kisspeptin, encoded by Kiss1, stimulates GnRH neurons to govern reproduction. In rodents, estrogen-sensitive kisspeptin neurons in the anterior ventral periventricular nucleus and neighboring periventricular nucleus are thought to mediate sex steroid-induced positive feedback induction of the preovulatory LH surge. These kisspeptin neurons coexpress estrogen and progesterone receptors and display enhanced neuronal activation during the LH surge. However, although estrogen regulation of kisspeptin neurons has been well studied, the role of progesterone signaling in regulating kisspeptin neurons is unknown. Here we tested whether progesterone action specifically in kisspeptin cells is essential for proper LH surge and fertility. We used Cre-lox technology to generate transgenic mice lacking progesterone receptors exclusively in kisspeptin cells (termed KissPRKOs). Male KissPRKOs displayed normal fertility and gonadotropin levels. In stark contrast, female KissPRKOs displayed earlier puberty onset and significant impairments in fertility, evidenced by fewer births and substantially reduced litter size. KissPRKOs also had fewer ovarian corpora lutea, suggesting impaired ovulation. To ascertain whether this reflects a defect in the ability to generate sex steroid-induced LH surges, females were exposed to an estradiol-positive feedback paradigm. Unlike control females, which displayed robust LH surges, KissPRKO females did not generate notable LH surges and expressed significantly blunted cfos induction in anterior ventral periventricular nucleus kisspeptin neurons, indicating that progesterone receptor signaling in kisspeptin neurons is required for normal kisspeptin neuronal activation and LH surges during positive feedback. Our novel findings demonstrate that progesterone signaling specifically in kisspeptin cells is essential for the positive feedback induction of normal LH surges, ovulation, and normal fertility in females. (Endocrinology 156: 3091-3097, 2015) I n female mammals, the preovulatory LH surge, which triggers ovulation, is governed by GnRH neurons. Throughout the rodent estrous cycle, low levels of ovarian-derived estradiol (E 2 ) inhibit GnRH secretion via negative feedback until proestrus, when elevated E 2 exerts positive feedback on neural circuits to induce a preovulatory GnRH surge and hence LH surge (1-5). Additionally, progesterone (P4) and its receptor (PR) are also important contributors to the LH surge because PR knockout mice are infertile and unable to produce LH surges (6, 7). As with estrogen receptor (ER)-␣, PR is not readily expressed in GnRH neurons, suggesting that P4 acts on upstream reproductive brain circuitry to regulate the GnRH/LH surge. Whereas E 2 -induced local synthesis of P4 in the hypothala- * S.B.Z.S. and K.P.T. contributed equally to this work. Abbreviations: AVPV, anterior ventral periventricular nucleus; CL, corpora lutea; E 2 , estradiol; ER, estrogen receptor; ISH, in situ hybridization; OVX, ovariectomized; P4, progesterone; PeN, periventricular nucleus; PR, P4 receptor; KissPRKO, KissCre ϩ PR fl/fl mice;
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n female mammals, the preovulatory LH surge, which triggers ovulation, is governed by GnRH neurons. Throughout the rodent estrous cycle, low levels of ovarian-derived estradiol (E 2 ) inhibit GnRH secretion via negative feedback until proestrus, when elevated E 2 exerts positive feedback on neural circuits to induce a preovulatory GnRH surge and hence LH surge (1) (2) (3) (4) (5) . Additionally, progesterone (P4) and its receptor (PR) are also important contributors to the LH surge because PR knockout mice are infertile and unable to produce LH surges (6, 7) . As with estrogen receptor (ER)-␣, PR is not readily expressed in GnRH neurons, suggesting that P4 acts on upstream reproductive brain circuitry to regulate the GnRH/LH surge. Whereas E 2 -induced local synthesis of P4 in the hypothala-mus is critical for the LH surge (8 -10) , the specific neural population that P4 targets for this process remains unknown.
The neuropeptide kisspeptin, encoded by Kiss1, regulates puberty and fertility by potently and directly stimulating GnRH (and hence LH) secretion (11) (12) (13) (14) . Kisspeptin signaling is essential for the LH surge in rodents: knockout mice lacking Kiss1 or its receptor fail to exhibit E 2 -induced GnRH activation or LH surges (15, 16) . Two populations of kisspeptin-synthesizing neurons exist in the hypothalamus, one in the arcuate nucleus and one more rostrally in the anterior ventral periventricular nucleus (AVPV) and neighboring periventricular nucleus (PeN) (17) (18) (19) . E 2 's positive feedback effects on GnRH/LH secretion are proposed to be mediated specifically by AVPV/PeN Kiss1 neurons, because E 2 elevates Kiss1 levels in the AVPV/PeN, AVPV/PeN Kiss1 neurons express ER␣, and AVPV/PeN Kiss1 neuronal activation increases during the LH surge, coincident with GnRH neuronal activation (19 -24) . Lastly, kisspeptin neurons in the AVPV/ PeN are sexually dimorphic in cell number (greater in females than males), correlating with the sexually dimorphic nature of the rodent LH surge (19, 25) .
Despite the above findings, it remains undetermined whether P4, which is also critical for the LH surge, similarly acts on AVPV/PeN kisspeptin neurons to facilitate positive feedback. AVPV/PeN kisspeptin neurons coexpress PR (15, 22, 26) , suggesting they are key targets for P4 action. Here we used transgenic mice to test whether P4 signaling directly in kisspeptin cells is important for proper LH surge induction and fertility.
Materials and Methods

Animals
Mice lacking PR exclusively in kisspeptin cells were generated by crossing Kiss1-Cre mice (from Dr Carol Elias, University of Michigan, Ann Arbor, Michigan) with established PR flox mice (27) Figures 1 and 2 ). All mice were tested for germline recombination and germline-recombined mice excluded from the study. Mice were housed two to three per cage under a 12-hour light, 12-hour dark cycle (lights off at 6:00 PM). All experiments were approved by the University of California, San Diego Institutional Animal Care and Use Committee.
Fertility and gonadotropin assessments
At 12 weeks of age, a blood sample was collected via retroorbital bleeding for each sex (females in diestrus stage) (n ϭ 6 -9/genotype). Blood serum LH and FSH levels were measured by the University of Virginia's Ligand Assay Core by a multiplex mouse assay with a limit of detectability for LH of 0.24 ng/mL and FSH of 2.4 ng/mL. Several days later, KissPRKO and WT mice of both sexes were paired with a C57BL6 breeder partner (ϳ3 mo old) to assess fertility (n ϭ 6 -9/genotype). All mice were paired for 8 weeks, after which the male was removed and the female monitored for 3 more weeks to detect any final litters. Latency to first litter, total number of litters, and litter size were recorded for the 11-week duration. A subset of mice (n ϭ 4 -5/ genotype) were similarly reassessed for fertility at 6 months of age, being paired with a new C57BL6 breeder partner (ϳ3 mo old).
Assessment of female puberty onset and ovarian corpora lutea
Puberty onset in females (n ϭ 8/genotype) was studied by determining the age of vaginal opening, an external measure of pubertal onset, and subsequent assessment of first estrous by analysis of daily vaginal cytology. Ovaries were collected from 12-week-old females and fixed in 11% formaldehyde/60% ETOH/10% acetic acid, embedded in paraffin and cut on a sliding microtome (10 m), mounted onto slides, and stained with hematoxylin and eosin. The number of corpora lutea (CL) was counted for each ovary (n ϭ 4/genotype).
Estradiol induction of LH surge
Twelve-week-old mice were ovariectomized (OVX) and given sc SILASTIC brand implants (inner diameter 0.078 in., outer diameter 0.125 in.) containing 0.625 g E 2 dissolved in sesame oil. In female mice, this E 2 implant produces constantly elevated serum E 2 levels of approximately 18 -26 pg/mL, resembling mouse proestrus levels (16, 28) , and normally produces a robust LH surge 2 days later around lights off (16, 24, 28) . KissPRKO and control females treated with this E 2 regimen were killed 2 days later, either in the morning (10:00 AM, n ϭ 3/group) or before lights off in the evening (5:40 -6:00 PM, n ϭ 6 -7/ group), and blood and brains collected. Serum LH was measured by the University of Virginia by a sensitive mouse LH RIA (limit of detectability 0.04 ng/mL). Brains were frozen on dry ice and sectioned on a cryostat into five alternating sets of 20-m sections, thaw mounted on Superfrost-plus slides, and stored at Ϫ80°C.
Single-and double-label in situ hybridization (ISH)
For single-label ISH for Kiss1 levels in the AVPV/PeN, one set of slide-mounted brain sections encompassing the entire AVPV/ PeN was assayed, using an established radiolabeled ( 33 P) antisense Kiss1 riboprobe (0.04 pmol/mL), as previously described (29 -31) . For double-label ISH analysis of cfos levels in Kiss1 neurons (measure of neuronal activation), a second set of AVPV/ PeN slides was used. Radiolabeled ( 33 P) antisense cfos riboprobe (0.05 pmol/mL) and digoxygenin-labeled Kiss1 riboprobe (1: 500) were used, following a previously described protocol (16, 31, 32) . ISH slides were analyzed blindly with an automated grains imaging processing system (Dr Don Clifton, University of Washington, Seattle, Washington) that counts the number of silver grain clusters representing cells and the number of silver grains in each cell (a semiquantitative index of mRNA content per cell) (33) . For the double-label, red fluorescent digoxygenincontaining (Kiss1) cells were identified and the grain-counting software quantified the number of silver grains (cfos mRNA) overlying each fluorescent cell. Signal to background ratios for individual cells were calculated by the program; a cell was double labeled if its ratio was 4 or greater.
Statistical analyses
All data are expressed as the mean Ϯ SEM for each group. Group differences within each sex were analyzed by a one-way ANOVA, except for the percentage of animals breeding or showing LH surges, which was analyzed with a 2 test. Statistical significance was set at P Ͻ .05.
Results
Fertility is significantly compromised in female, but not male, KissPRKO mice
Female KissPRKO mice weighed the same as WT control females at 5 weeks, 12 weeks, and 6 months of age ( Figure 1A ). Mean day of puberty onset (vaginal opening) was significantly earlier in KissPRKO females (P Ͻ .05 Figure 1 , B and C) and there was a nonsignificant trend for earlier first estrous as well (P ϭ .07; Figure 1C ). In adulthood, fertility in KissPRKO females was substantially impacted at both 12 weeks and 6 months. Whereas 100% of WT females bred successfully at 12 weeks and 6 months, the percentage of KissPRKO females successfully breeding was reduced at both ages ( Figure 1D ). The latency to first litter was normal at 12 weeks old, but at 6 months of age, KissPRKO females displayed longer latencies to give birth (P Ͻ .05, Figure 1E ), and there were fewer litters produced at 6 months (P Ͻ .05; nonsignificant trend at 12 weeks, P Ͻ .08; Figure 1F) . Strikingly, at both ages, KissPRKO females displayed a dramatic reduction in total number of pups produced (P Ͻ .05, Figure 1G ) and a similar robust reduction in average litter size (P Ͻ .05; Figure 1H ).
Like females, body weights of male KissPRKOs were normal at both 12 weeks and 6 months of age (Figure 2A ). press.endocrine.org/journal/endo 3093
However, in contrast to female KissPRKOs, male KissPRKO mice displayed normal fertility at both ages. All male KissPRKO mice successfully sired offspring at both ages ( Figure 2B ), and there were no genotype differences in any fertility measure (Figures 2, C-F) .
Basal gonadotropin levels are normal in KissPRKOs, but KissPRKO females have fewer CL and impaired LH surges
Serum basal LH and FSH were normal and not different between genotypes in either sex in 12-week-old mice (females in diestrus; Figure 3 , A and B). Serum sex steroid levels, E 2 in females and T in males, were also not significantly different between genotypes (not shown). Because litter size and overall fertility were notably impacted in female KissPRKOs, we examined ovaries of 12-week-old mice for signs of ovulation. KissPRKO ovaries displayed no cysts but typically exhibited fewer CL than WT females, indicating reduced ovulations ( Figure 3C ). To test whether this reflected a diminished ability to generate preovulatory LH surges, we used an E 2 -positive feedback paradigm that reliably elicits LH surges in the afternoon/evening (but not the morning, reflecting the circadian nature of the LH surge). As expected, all E 2 -treated WT females displayed large LH surges in the evening but not in the morning (Figure 3, D and E) . In contrast, E 2 -treated KissPRKO females failed to display any LH surges at either 12 weeks or 8 months of age (P Ͻ .05 vs WT females; Figure 3 , D and E).
Positive feedback induction of kisspeptin neuronal activation is impaired in KissPRKO females
The lack of E 2 -induced LH surges in KissPRKO females (correlating with fewer CL and fewer pups born) suggested an absence of a preceding GnRH surge, which is thought to be triggered by AVPV/PeN kisspeptin neurons (which express ER␣ and PR). We hypothesized that the absent LH surges and lower ovulation rate in KissPRKO females reflected an impairment in the AVPV/PeN kisspeptin system during positive feedback. We therefore examined AVPV/PeN Kiss1 levels and Kiss1 neuronal activation in E 2 -treated KissPRKO females. There was no difference between WT and KissPRKOs in the number of AVPV Kiss1 neurons or in Kiss1 mRNA levels per neuron ( Figure 4, A and B) . However, cfos induction in Kiss1 neurons of KissPRKO females was substantially lower than in WT females in the evening, when the LH surge should occur (P Ͻ 0;05, Figure 4 , C and D), demonstrating reduced Kiss1 neuronal activation in KissPRKO females.
Discussion
Female fertility is dependent on sex steroid-induced positive feedback induction of GnRH/LH surges, which drive ovulation. Abundant evidence implicates the AVPV/PeN kisspeptin system in mediating positive feedback effects of E 2 on the GnRH/LH surge (3, 20) . AVPV/PeN kisspeptin neurons also highly coexpress PR (15, 22, 26) , suggesting Percentage of males successfully siring pups during the 11-week fertility assessment period at each age. C, Latency for female partner to deliver first litter after pairing. D-F, Mean number of litters, pups, and pups per litter (litter size) during the 11-week fertility assessment at each age. There were no genotype differences for any fertility measure between WT and KissPRKO males.
they are P4 targets, but whether P4, which is also critical for the LH surge (8 -10), acts on AVPV/PeN kisspeptin neurons to facilitate positive feedback has remained undetermined. Here we generated transgenic mice lacking PR exclusively in kisspeptin cells to demonstrate, for the first time, that P4 signaling directly in kisspeptin cells is essential for proper LH surge induction and subsequent fertility in females but dispensable for fertility in males.
Male KissPRKO mice displayed normal gonadotropin levels and normal fertility, matching the normal fertility reported for global PRKO males. In contrast, female KissPRKO mice displayed substantially impacted fertility at both young adult and older ages. Compared with WT females, KissPRKO females demonstrated reduced occurrence of giving birth, longer latencies to give birth, a trend for fewer litters produced, and a dramatic reduction in total number of pups produced and mean litter size. The reduced fecundity was mirrored by a decrease in CL, indicating diminished ovulatory events in KissPRKO females. Thus, the infertility previously observed in global PRKO females can be attributed, at least in part, to absent PR signaling in kisspeptin cells, most likely by impacting ovulation and the LH surge. Because our KissPRKO mice were not a conditional knockout model and therefore lacked PR throughout development, it is currently unknown whether the same subfertility and absent LH surges would exist if PR was lost from Kiss1 cells just in adulthood.
Although basal gonadotropins at diestrus were normal in KissPRKO females, KissPRKO females were incapable of producing a normal E 2 -induced LH surge at either 12 weeks or 6 months of age. This indicates that P4 signaling specifically in kisspeptin neurons is essential for proper positive feedback induction of preovulatory LH surges. Despite the lack of observed LH surges, a few KissPRKO females exhibited some low degree of fertility. It is possible that KissPRKOs can occasionally muster a miniscule semblance of a minisurge, as indicated by slightly higher levels of LH in the evening than morning in the knockouts (Figure 3) . Whereas this LH level is not high enough to be denoted a surge, it may be elevated enough to occasionally induce a few follicles to ovulate, resulting in a few pups born, as was observed.
The absence of proper LH surges in KissPRKO females likely reflects the lack of the kisspeptin induction of a GnRH surge, rather than diminished pituitary responsiveness to incoming GnRH, supported by reduced cfos-Kiss1 coexpression in E 2 -treated KissPRKO females, indicating that their AVPV/PeN kisspeptin neurons were not properly activated by E 2 -positive feedback. This finding high- press.endocrine.org/journal/endo 3095 lights the critical importance of P4 signaling, along with E 2 signaling, in positive feedback induction of LH surges and ovulation. The source of P4 in this LH surge process is thought to be neuroprogesterone, derived locally in hypothalamic glia (8, 10) . Although we did not test the source of P4 in positive feedback, all of our positive feedback mice were OVX; thus, P4 would not be coming from the ovaries, supporting the possibility of neuroprogesterone in this positive feedback event. Future studies are needed to determine what P4 does mechanistically in AVPV/PeN kisspeptin neurons to influence their neuronal activation during the LH surge. In addition to PR in AVPV/PeN Kiss1 neurons, future studies will also need to determine the role, if any, of PR in arcuate Kiss1 neurons for mediating P4-negative feedback as well as any potential contribution for PR signaling in Kiss1 cells in the ovary and pituitary. The normal basal gonadotropin levels suggest that P4-negative feedback may not be impaired in adult KissPRKOs, but this requires further testing. In summary, we generated transgenic mice to test whether P4 action specifically in kisspeptin cells is essential for proper LH surge and fertility. Although male KissPRKOs displayed normal fertility, female KissPRKOs were markedly subfertile and exhibited impaired ovulation, supported by an inability to generate E 2 -triggered LH surges. The compromised LH surge generation likely reflects lack of proper neuronal activation of AVPV/PeN kisspeptin neurons. Thus, P4 signaling in kisspeptin cells is essential for the positive feedback induction of normal LH surges and hence normal fertility in females. 
